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Abstract: This review focuses on providing the history of measurement efforts to quantify and
characterize the compounds of reactive mercury (RM), and the current status of measurement
methods and knowledge. RM collectively represents gaseous oxidized mercury (GOM) and that
bound to particles. The presence of RM was first recognized through measurement of coal-fired
power plant emissions. Once discovered, researchers focused on developing methods for measuring
RM in ambient air. First, tubular KCl-coated denuders were used for stack gas measurements,
followed by mist chambers and annular denuders for ambient air measurements. For ~15 years,
thermal desorption of an annular KCl denuder in the Tekran® speciation system was thought to be the
gold standard for ambient GOM measurements. Research over the past ~10 years has shown that the
KCl denuder does not collect GOM compounds with equal efficiency, and there are interferences with
collection. Using a membrane-based system and an automated system—the Detector for Oxidized
mercury System (DOHGS)—concentrations measured with the KCl denuder in the Tekran speciation
system underestimate GOM concentrations by 1.3 to 13 times. Using nylon membranes it has been
demonstrated that GOM/RM chemistry varies across space and time, and that this depends on
the oxidant chemistry of the air. Future work should focus on development of better surfaces for
collecting GOM/RM compounds, analytical methods to characterize GOM/RM chemistry, and
high-resolution, calibrated measurement systems.
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1. Introduction
1.1. Discovery of GOM
Mercury (Hg) exists in the atmosphere as three forms: gaseous elemental (GEM),
gaseous oxidized (GOM), and particulate-bound (PBM). Often, GOM and PBM concentrations are combined and collectively described as reactive Hg (RM). In the beginning,
the atmospheric Hg research community focused on development of methods for GEM and
did not know GOM existed. Now, GOM is known to be emitted from anthropogenic point
sources and formed by atmospheric oxidation reactions of GEM with ozone (O3 ), hydroxyl
radical (OH· ), nitrate (NO3 ), hydrogen peroxide (H2 O2 ), and/or halogen-containing compounds (Cl. , Br. , ClO, BrO, ClBr) [1,2]. A more recent paper by Saiz-Lopez et al. [3] provides
an update on current thinking regarding our understanding with respect to reactions and
points out, using a global model based on bromine-induced GEM oxidation that other
oxidation mechanisms are needed in the troposphere to explain observations.
In 1979, Fogg and Fitzgerald [4] postulated that since GEM is not highly water soluble,
concentrations measured in precipitation could not be explained by GEM alone. Kothny
(1973) [5] suggested Hg adsorbed to aerosols was the Hg form present in precipitation.
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Brosset (1983) [6], based on equilibrium coefficients developed by Iverfeldt, noted that
HgCl2 and CH3 HgCl could explain observed concentrations. A mechanism for oxidation
was proposed by Iverfeldt and Lindqvist [7] that entailed oxidation of GEM in water
by ozone.
At the time, atmospheric Hg measurements were made using gold traps with a
glass wool filter upstream to capture the particulate component. However, there were
inconsistent results with the particulate filter. Research then focused on collecting GEM
using gold surfaces such as gold-coated denuders [8,9] and gold-coated sand traps [10,11].
Currently, gold-coated sand traps are the standard method for measurement of GEM;
there is still controversy as to whether this is a measurement of GEM or total gaseous
Hg (TGM). The Global Mercury Observation System standard operating procedure states
that a soda lime trap in front of the Tekran 2537 removes GOM, though this has not been
adequately tested.
In 1996, in a critical review paper on Hg speciation in flue gases associated with
coal combustion, Galbreath and Zygarlicke [12] pointed out that a variety of RM compounds should exist, including Cl-, O-, and S-based compounds. They also reported Hg(II)
(oxidized) forms did exist in the flue gas, based on measurements using USA Environmental Protection Agency (EPA) Method 29, EPA Method 101A, and the modified Method
101A and laboratory tests. Lindberg et al. [13,14] suggested that if such oxidized forms of
gaseous Hg persisted in ambient air, they had the potential to be significant contributors to
Hg deposition.
1.2. Early Development of Methods
In 1995, a landmark paper was published that described the use of a mist chamber
method for measuring RM and provided the first measurements of RM in ambient air [15].
A similar type of method had been attempted earlier by Brosset and Lord [16] using
bubblers and long sampling times. Brosset and Lord [16] concluded that measured GOM
was an artifact and better approaches were needed. The mist chamber used a single
nebulizer nozzle, operated at a flow rate of 15 to 20 L min−1 , and collected samples
in 20 mL of solution [15]. Stratton and Lindberg [15] reported that one-hour samples
contained 50 to 200 pg RM. The mist chamber was deployed at two locations, Tennessee
and Indiana, and concentrations of 50 to 150 pg m−3 were reported; similar trends were
observed under field conditions at the two sites, leading to the conclusion that the method
provided reasonable results [15]. The main concerns with this method were artifacts
associated with O3 and the presence of aerosols, which were extensively tested [15,17].
Artifact formation was considered sufficiently slow relative to sampling times. Data
collected using the mist chamber method was significantly correlated with temperature,
solar radiation, O3 , SO2 , and total gaseous Hg [18]. Additional work using the sampling
system further demonstrated the utility of the method and the limited effect of artifacts
on the measurements [18]. Two known drawbacks of the system were that it was not
calibrated, and potential for artifacts could vary by sampling location.
At this same time, researchers were also testing the use of membranes for both PBM
and GOM capture. Ebinghaus et al. [19] applied Teflon disc filters, Whatman quartz filters,
and quartz wool plugs, or Au traps preceded by Au denuders for PBM, and ion exchange
membranes for GOM measurements. PBM measured by the different methods ranged from
5 to 100 pg m−3 with the highest concentrations observed on gold traps after a denuder. Ion
exchange membranes measured concentrations of 40 to 95 pg m−3 , higher than denuder
methods by 10 to 20 pg m−3 that were determined after liquid extraction. Munthe et al. [20]
explored the use of microquartz fiber filters, cellular acetate, glass fiber, and Teflon filters
for measurement of PBM; these results were quite variable.
Denuder methods for measuring GOM in ambient air were first pioneered by Oliver
Lindqvist and his collaborators (e.g., Xiao et al. [8]; Feng et al. [21]). Their method utilized
a KCl-coated tubular denuder, with GOM quantified using a liquid extraction. Comparison
of the tubular and annular denuders showed similar recoveries in two studies in which the
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tubular denuder was liquid extracted and the annular denuder desorbed (Munthe et al. [20];
Nacht et al. [22]); Sommar et al. [23] reported lower GOM concentrations for annular denuders. In the Munthe et al. [20] intercomparison, mist chamber measurements were made,
and concentrations agreed with those measured by the denuders. Nacht et al. [22] worked
in a highly Hg contaminated location, reported RM concentrations of up to 75,000 pg m−3
with the highest values being above mine tailings.
In 2000, Steffen et al. [24] reported on the use of a cold regions pyrolysis unit manufactured by Tekran to allow for measurement of total gaseous mercury, while simultaneously
measuring GEM. Their measurements were conducted during a Hg depletion event in
the Arctic at Alert, Nunaurt, Canada. They observed that 48% of the converted GEM was
measured as RM with the pyrolyzer unit and the rest deposited to snow.
Landis et al. [25] was the first to report on the use of an annular denuder in an automated system from which GOM could be thermally desorbed repeatedly to improve
temporal resolution. During the period of denuder development, Landis et al. [25] and
Xiao et al. [26] tested the efficiency of KCl denuders to collect permeated HgCl2 , with the latter testing CH3 HgCl as well. Neither study was conclusive; for example, Xiao et al. [26] utilized clean air, and the spiked GOM concentrations are not reported; while Landis et al. [25]
data were limited (n = 2) and spike concentrations were one-to-two orders of magnitude
higher than reported ambient concentrations (c.f. Valente et al. [27]). Feng et al. [21] reported limited laboratory tests of a tubular denuder loaded with hundreds to 1200 pg in
three tests to determine breakthrough; however, the air used for the tests was not made
clear. They used thermal desorption of the KCl denuders instead of liquid extraction The
authors suggested that if a pyrolyzer was not used after desorption of the denuder that
volatile or semi-volatile compounds trapped in the denuder would be released and deposit
on the surface of the gold trap, risking passivation. Feng et al. [21] also recommended a
denuder desorption temperature of 900 ◦ C, due to the presence of a dual peak that they
suggested was not a Hg compound, but volatile organic compounds that interfered with
the analysis of Hg. No interference testing was reported in these studies. Feng et al. [21]
commented on the fact that if water vapor condensed on the denuder, the sampling efficiency would decrease. Landis et al. [25] suggested that the temperature of the denuder be
maintained at 50 ◦ C to prevent hydrolysis of the KCl coating.
The Tekran® 2537/1130/1135 speciation system (Tekran system manufactured by
Tekran, Toronto, Canada) was first introduced in 2002, and collects GEM, GOM, and PBM,
respectively [25]. Ambient air entering the Tekran system first passes through an elutriator
used to prevent coarse particles (>2.5 µm) from moving into the system; the flow rate of
the system determines the particle cut size and must be routinely monitored and adjusted.
Air then passes through the KCl denuder (1130 module, GOM capture) and subsequently
through a quartz fiber filter (1135 module, PBM capture). Downstream of these modules
is a pyrolyzer, packed with quartz chips, used to reduce GOM and PBM to GEM at
predetermined intervals. Lastly, the air enters the 2537 module, which collects GEM by
way of amalgamation on one of two gold-coated sand traps; the two traps are used to
alternately collect and desorb Hg, allowing for continuous collection at 2.5 + min resolution
(commonly 5 min). GEM is desorbed from the cartridges at 325 to 370 ◦ C, then carried
by argon to a quartz cell where Hg is quantified using cold vapor atomic fluorescence
spectroscopy (CVAFS). The method detection limit for GEM is 0.1 ng m−3 . While GEM is
being measured, GOM and PBM are collected over 1 to 2 h. These operationally defined
fractions are then sequentially thermally desorbed at 550 and 700 ◦ C for GOM and PBM,
respectively. GOM and PBM concentrations are quantified in Hg-free air after three flushing
cycles without heating (system blank check), then one cycle of pyrolyzer heating, three
cycles for desorbing the particulate filter, three cycles for desorbing the denuder, and two
flushing cycles without heating to allow the system to cool. Desorbed GOM and PBM
compounds pass through the pyrolyzer and are measured as GEM by the 2537. A soda
lime trap is typically installed inline directly upstream of the 2537 inlet to prolong the life of
the gold traps and is changed monthly. Typically, the 2537 module is calibrated every 24 h
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using an internal GEM permeation source, and less regularly using manual injections from
an external GEM permeation source. It is noteworthy that calibrated 2537 units sampling
the same air can generate concentrations that are up to 28% different (c.f., Gustin et al. [28]).
2. Early Method Intercomparisons
An early method comparison at Mace Head, Ireland, compared GOM measurements
collected with the tubular denuder, and analyzed by liquid extraction, with those collected
using ion exchange membranes with a quartz fiber filter upstream. These results showed
that the denuder collected more GOM [19]; however, the quartz fiber filter could have
influenced the amount of GOM collected on the ion exchange membrane [8,29,30]. Sheu
and Mason [31] compared GOM concentrations measured using KCl annular denuders and
ion exchange membranes, and also found higher GOM concentrations measured by the
denuders; however, once again a quartz fiber filter preceded the ion exchange membrane.
GOM can be reduced on a quartz fiber filter, especially in the presence of relative humidity
(see discussion below). Additionally, comparison of GOM collected using KCl-coated
quartz fiber filters with that collected by cation exchange membranes (CEM) showed less
GOM collected by the quartz fiber filters [32].
Sheu and Mason [31] at the Chesapeake Biological Laboratory, located 80 km SSE of
Washington, D.C., compared RM measurements from ambient air using KCl denuders,
the mist chamber, and membranes. Membranes consisted of two polytetrafluoroethylene
(PTFE) filters (47 mm diameter, 0.45 µm pore) in front of three cation exchange membranes
(CEM) (47 mm diameter) housed in a five-stage filter holder. Unfortunately, the membranes
were preceded by a long sampling inlet that we now know allows for deposition of RM
and reduction to GEM (c.f. [28]). RM concentrations were measured every 2 h for the mist
chamber, and 6 to 24 h for the membranes. Membrane and mist chamber concentrations
were similar, but were lower than the denuder that sampled for 24 h. Comparing all
methods over 3 days showed membrane and denuder RM concentrations to be higher than
for the mist chamber. Concentrations measured at this location were as high as 550 pg m−3 ,
but typically were 20 to 100 pg Hg m−3 .
In a comparison of the mist chamber and annular KCl-coated denuder in Florida, the
mist chamber reported 6.5 times higher RM concentrations relative to the denuder [25].
The difference was assumed to be an artifact due to PBM or reactions of GEM with acid
used in the chamber. This conclusion, based on the works of Lindberg and Stratton [17]
and Stratton and Lindberg [18], was not true, and the mist chamber measurement was
likely more reliable than originally thought given what we now know about the KCl
denuder collection efficiency (see below). Landis et al. [25] recommended that denuders
should not collect GOM for more than 12 h without being purged to avoid decreases
in sampling efficiency. It is noteworthy as part of National Atmospheric Deposition
Program Atmospheric Mercury Network (NADP AMNet) protocol denuders are changed
out every two weeks. During this study, denuder measurements were systematically
sawtoothing, and it was not clear why, since denuders were changed every 2 to 4 h. Denuder
measurements in this study showed GOM concentrations of 0 to 200 pg Hg m−3 . A major
limitation of the mist chamber was that it required constant attention and significant care
to avoid contamination [18]. Thus, the Tekran system that involved less maintenance and
oversight, became the method of choice for many researchers and management agencies.
3. Work Pointing to Issues with the Tekran Speciation System
The Tekran system, like the mist chamber, had no field calibration for GOM or PBM,
and the behavior of denuders in ambient air was not fully explored prior to large-scale
deployment in monitoring networks. Stratton and Lindberg [16] stated that denuders were
under-sampling GOM. Weiss Penzias et al. [33] pointed out the data being collected by the
instrument could not be fully explained. Others were concerned that a mass balance for
air Hg concentrations could not be closed. For example, GOM concentrations increased
when GEM concentrations decreased; however, GOM concentrations were not sufficient
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to account for GEM lost, and based on dry deposition rates, GOM concentrations should
have increased. Choi et al. [34] pointed out that GOM measured by the KCl denuder could
not fully explain GEM loss due to oxidizing processes. These claims are supported by
ongoing work.
Lyman et al. [35] investigated the potential for an O3 interference associated with the
Tekran system denuder and found the collection efficiency of permeated HgBr2 decreased
by 12 to 30% at O3 concentrations of 6 to 100 ppb. The authors suggested reduction on
the denuder wall by way of the following reaction: HgCl2 + 2O3 → Hg0 + 2O2 + 2ClO
(∆Gr = −85 kj mole−1 , reported in the Open Discussion of this paper). Their results also
implied that longer O3 exposure led to less GOM recovery (10 to 26%, and 29 to 55%
reduction in recovery for 2.5 and 30 min exposure to 30 ppb O3 , respectively). Earlier work
by Lynam and Keeler [30] noted that that the KCl denuder removes O3 and was highly
efficient at low concentrations (95% removal at 28 ppb), but decreased as O3 concentrations
increased (6% removal at 120 ppb).
At the same time, Swartzendruber et al. [36] reported TGM concentration data collected by a Tekran system with an upstream pyrolyzer sampling air from the marine
boundary layer. Another Tekran system simultaneously measured Hg in ambient air that
passed through KCl denuders, and it was assumed GOM was scrubbed by the denuder.
These data were collected during five flights over the Pacific Northwest, USA. GOM concentrations measured by the Tekran system denuder were always lower than those calculated
as the difference between the Tekran TGM and GEM measurements. The authors attributed
this to a lack of recovery of GOM by the denuder.
4. Realization RM Was Not Being Accurately Measured
4.1. Surrogate Surface Data
In 2007 and 2009, Lyman et al. [37,38] presented work focused on development of
a surrogate surface for measurement of dry deposition of GOM. The collection surface
utilized was a cation exchange membrane (CEM), specifically supported ICE 450 membrane
(Pall Corporation, P/N ICE45S3R), an acidic, negatively charged polysulfone CEM that
selectively sorbed RM. The surrogate surface was deployed in an Aerohead dry deposition
sampler, an aerodynamic polyoxymethylene disk (104 cm2 surface area). The Aerohead is
deployed downward-facing to minimizing collection of PBM and has a drip shield along
the rim that prevents rain from impacting the membrane surface except during windy rain
events or heavy downpours.
The Aerohead dry deposition method has been applied by others [39–41], is available
commercially, and continues to be used by the United States Environmental Protection
Agency (EPA) [42]. The samplers were deployed as part of an EPA initiative to develop
a total maximum daily load for Hg in Florida. Peterson et al. [43] demonstrated that
dry deposition estimates using a bi-directional atmospheric resistance model and Tekran
GOM concentrations were lower than surrogate surface measurements of dry deposition
at a site near Fort Lauderdale and Tampa but were more similar at Outlying Landing
Field near Pensacola (Figure 1). Spatial trends observed in passive GOM concentrations,
and Aerohead dry deposition measurements were different from the Tekran system data,
leading to the conclusions that there were 1—atmospheric Hg forms not being measured by
the Tekran system, and 2—different Hg compounds with different dry deposition velocities.
It is thought that given the design of the Aerohead, only GOM is collected. Thus,
it is a measurement of dry deposition. However, the surface itself does not reflect natural
systems, and measured deposition may be higher than is actually occurring. The CEM
surrogate surface can be used to understand deposition to ecosystems with low canopy
resistance, e.g., water, and it can be used to calibrate natural GOM dry deposition to natural
systems.
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Novel technologies and alternate methods tested during the comparison were the: University of Washington Detector for Oxidized Hg Species (DOHGS; [45]); University of
Houston Mercury instrument (UHMERC); University of Miami Laser Induced Fluorescence (LIF; [46]); cavity ring-down spectroscopy system (Desert Research Institute); and
nylon membranes. The UHMERC system measured only GEM and their data is reported
in Gustin et al. [28]. The Desert Research Institute instrument did not collect any usable
data during this experiment.
As show in Figure 2, during week 3, both Tekran systems, designated as Spec 1 (first
in line in the manifold) and Spec 2, were sampling from the manifold. During week 4,
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5. Development of New Methods
5.1. Reactive Mercury Active System (RMAS)
The University of Nevada, Reno-Reactive Mercury Active System (RMAS) uses CEM
and nylon membranes to actively collect RM from ambient air. CEM are used to measure con-
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DOHGS RM concentrations were higher than the Tekran RM measurements when
sampling ambient air and during the spikes. At that time, the DOHGS used quartz wool to
remove GOM from ambient air; during this experiment it was realized that when relative
humidity increased the quartz wool lost GOM as GEM, and thus quartz wool has since
been replaced by CEM for GOM collection (cf., 45). It is noteworthy that RM and HgBr2
concentrations measured by the Tekran systems were typically higher for Spec 2 at night,
indicating that GOM was being generated in the manifold; this was hypothesized to be
due to reactions with nitrogen compounds.
Several major conclusions resulted from this complicated method intercomparison.
First, the Tekran system RM measurements were up to 13 times lower than those measured using the DOHGS. Second, the DOHGS was measuring a RM compound not being
measured by the Tekran systems. Third, the DOHGS recovered 80% of the permeated
HgBr2 ; the lack of complete recovery could be explained by the loss of GOM from the
quartz wool due to the presence of relative humidity [47]. Thus, quartz wool is not a good
collection surface for GOM. Lastly, nylon membranes deployed in ambient air outside the
manifold collected 30 to 50% more RM than the first Tekran system (Spec 1). The nylon
measured concentrations during this experiment were an underestimate, given that nylon
membranes consistently collect less RM than CEM that are currently thought to provide
the more accurate RM measurements [48,49].
Concerns had previously been raised regarding potential artifacts associated with
the Tekran system PBM measurement due to environmental temperatures and particle
chemistry [50–52]. Data developed during RAMIX demonstrated that GOM was being
collected on the particulate trap in the Tekran 1135 unit [28], supporting earlier suggestions
of this possibility by Lynam et al. [30].
4.3. Additional Tests Following or Associated with RAMIX
Huang et al. [49] reported on a series of systematic laboratory tests that compared
GOM uptake by KCl denuders with CEM and nylon membranes. Solid GOM compounds,
including HgBr2 , HgCl2 , and HgO, were used to permeate GOM into a laboratory manifold;
additional compounds, Hg(NO3 )2 and HgSO4 , were tested in Gustin et al [53]. Data
collected using these three methods (Tekran system, nylon membrane, and CEM) were
also collected in the field. A major finding of this work was that the polarizability of the
compound influenced the ability of the denuder to collect the GOM compounds, with
collection efficiency decreasing in the order: HgBr2 > HgCl2 > HgO. Moreover, in charcoal
scrubbed air, GOM concentrations decreased in the order: CEM > nylon > KCl denuder.
In tests comparing CEM versus nylon membrane GOM collection, the collection ratio of
CEM:nylon was 1.5, 0.95, and 2.06 for HgCl2 , HgBr2 , and HgO, respectively. Similarly,
the collection ratio of CEM:KCl denuder for the same compounds was 2.4, 1.5, and 3.7,
respectively. Subsequent studies have demonstrated that, when comparing CEM data with
a calibrated dual channel system, CEM are efficient at collecting GOM and RM compounds,
and the CEM is a good method for measurement of total GOM and RM compounds [54].
Nylon membranes do not collect GOM and RM compounds as well as the CEM [48,55].
The Huang et al. [49] paper also described the development of a thermal desorption
system for determining GOM chemistry. The thermal desorption system was found to
allow for the potential determination of chemistry of the RM compounds in ambient
air using standard curves derived from the permeation of commercially available GOM
compounds. Field data collected at three locations demonstrated that CEM > nylon >
Tekran system GOM concentrations and the chemistry at each location varied, with -N
and -S compounds collected at a location adjacent to a highway, halogenated compounds
from the free troposphere collected at an agriculture-impacted location, and -N and -S
compounds collected from the marine boundary layer.
Furthermore, building off the RAMIX project, Huang and Gustin [56] reported on a
series of tests investigating the effect of relative humidity on KCl denuders, CEM, and nylon
membranes. In these experiments, HgBr2 was permeated into a manifold that had ports
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for membranes and denuders, along with relative humidity that was regulated between
25 to 75%. For the denuder, RM collection efficiency decreased to 60% when exposed to
increasing levels of relative humidity, and when the humidity was removed the recovery
was 60% of what it should have been. Denuders were also passivated over the two-week
sampling time recommended by the NADP-AMnet. This effect was also observed during
RAMIX. For the nylon membranes, RM collection decreased with increasing humidity and
O3 concentrations; increasing humidity increased RM collection on CEM.
McClure et al. [57] reported on measurements made at the North Birmingham South
Eastern Aerosol Research and Characterization (SEARCH) site in summer 2013. This
project focused on testing the performance of KCl denuders by permeating HgBr2 into Hgand O3 -free (clean) air, and ambient air. KCl denuders had ~95% collection efficiency in
clean air, but the efficiency dropped to 20–54% in ambient air. Absolute humidity and O3
were negatively correlated with HgBr2 recovery. Follow up tests in a laboratory setting
showed that increasing absolute humidity and O3 resulted in the release of GEM from the
denuder due to transformation of GOM to GEM [57].
5. Development of New Methods
5.1. Reactive Mercury Active System (RMAS)
The University of Nevada, Reno-Reactive Mercury Active System (RMAS) uses CEM
and nylon membranes to actively collect RM from ambient air. CEM are used to measure
concentrations, while nylon membranes allow for characterization of the chemistry. This
system has been used to measure RM concentrations at a number of locations, including
Nevada, Florida, Utah, Maryland, Hawaii, Sydney, Australia, the Southern Ocean, and
Ny-Ålesund, Norway [48,58,59]. CEM have been used for similar purposes in different
housings [60,61].
The RMAS has evolved over time and the current version, RMAS 2.0, is described
in Luippold et al. [62]. Briefly, the system consists of six sampling ports, sampled using
two vacuum pumps, with triplicate ports for nylon membranes and CEM. The membrane
types are alternated in the system so if one pump goes offline data are still being collected.
A critical flow orifice is used to regulate the flow through each sampling port to 1 Lpm.
CEM are digested and analyzed using cold vapor atomic fluorescence following EPA
Method 1631, and nylon membranes are thermally desorbed. The nylon desorption profiles
are compared to standard profiles and the curves deconvoluted to determine the relative
percent of each RM compound present on the membrane. Luippold et al. [48] concluded
that the RM compounds measured on the nylon membranes using this method were
reasonable given the atmospheric chemistry coming into the corresponding sampling
location. Comparison of RM chemistry with measurement of anions F− , Cl− , Br− , SO4 2− ,
NO2 − , NO3 − , and PO4 3− using an ion chromatograph also showed good agreement
between RM chemistry and anion chemistry [48]. This work further demonstrated that the
Tekran system denuder performs best in dry air with halogenated RM compounds. The best
comparison between the KCl denuder and CEM measurements occurred on Moana Loa,
Hawaii, and poor recoveries and large disagreements between the measurements existed
at locations in Nevada and Maryland (Figure 3). The observed discrepancies between
the Tekran system and membrane RM measurements in this study can be explained by
the fact that the Tekran system denuder recoveries are influenced by the chemistry of
RM compounds, where halogenated forms are collected more efficiently by the denuder
relative to others (Table 1; [53]).
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RM. The first dual channel system was developed based on the operation of the University
of Washington DOHGS (discussed above). The DOHGS system successfully measured
elemental and oxidized Hg in several aircraft campaigns [47,63,64].

(a)

(b)

(c)

Figure 3. RM concentration data collected using Tekran system and RMAS 2.0 membranes (CEM and
nylon) from November 2017 to March 2019 at 4 locations: Moana Loa, (MLO) Hawaii; Reno, NV (GH);
and Piney Reservoir in Maryland (MD). (a) MLO; (b) GH (c) MD. Modified from Luippold et al. [48].
Each panel shows CEM and nylon membrane RM concentrations as compared to Tekran RM data for
MD and HI, and GOM data only for the Tekran deployed in NV.
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Table 1. Regression equations comparing GOM concentrations measured by nylon membranes or cation exchange membranes (CEM) versus those measured by the Tekran system denuder. GOM permeations were performed using the UNR
laboratory manifold system and charcoal-scrubbed air. From Gustin et al. [53]. https://www.atmospheric-chemistry-andphysics.net/policies/licence_and_copyright.html.
Comparison

HgCl2

HgBr2

HgO

Hg(NO3 )2

HgSO4

KCl denuder (x) vs.
nylon membrane (y)

y = 1.6x + 0.002
r2 = 0.97, n = 12

y = 1.7x + 0.01
r2 = 0.99, n = 10

y = 1.8x + 0.02
r2 = 0.99, n = 8

y = 1.4x + 0.04
r2 = 0.90, n = 12

y = 1.9x − 0.1
r2 = 0.6, n = 12

KCl denuder vs.
CEM (y)

y = 2.4x + 0.1
r2 = 0.58, n = 9

y = 1.6x + 0.2
r2 = 0.86, n = 5

y = 3.7x + 0.1
r2 = 0.99, n = 6

y = 12.6x − 0.02
r2 = 0.50, n = 6

y = 2.3x + 0.01
r2 = 0.95, n = 18

The RMAS has been further upgraded to include PTFE membranes upstream of
two-in-line CEM and nylon membranes in three-stage filter packs. The PTFE membrane
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nylon) from November 2017 to March 2019 at 4 locations: Moana Loa, (MLO) Hawaii; Reno, NV (GH);
include that oxide compounds are found on both membranes, suggesting this form exists
and Piney Reservoir in Maryland (MD). (a) MLO; (b) GH (c) MD. Modified from Luippold et al. [48].
as both particulate and gaseous Hg compounds. Additionally, nitrogen and sulfur-based
Each panel shows CEM and nylon membrane RM concentrations as compared to Tekran RM data for
compounds were more likely to be associated with the aerosol phase; however, in some
MD and HI, and GOM data only for the Tekran deployed in NV.
cases they were found on both nylon membranes.
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Figure 4. Breakdown of RM chemistries and concentrations measured on nylon membranes determined using thermal

Figure 4. Breakdown of RM chemistries and concentrations measured on nylon membranes determined using thermal
desorption and peak deconvolution. There are two sets of data for each sampling period; the date with the “P” is data
desorption and peak deconvolution. There are two sets of data for each sampling period; the date with the “P” is data
derived from nylon membranes with an upstream polytetrafluoroethylene (PTFE) membrane. Compounds are designated
derived from nylon membranes with an upstream polytetrafluoroethylene (PTFE) membrane. Compounds are designated
as the major elements to which Hg(II) is bound based on deconvolution of thermal desorption profiles. Modified from
as the major elements to which Hg(II) is bound based on deconvolution of thermal desorption profiles. Modified from
Gustin et al. [53].
Gustin et al. [53].
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the line was bifurcated into one line with a two-stage CEM to remove GOM, and second
line with a pyrolyzer for TGM measurements. GOM was determined as the difference
between the measurements between the two lines. Data were compared with a Tekran
2537/1130 system and two RMAS, one with CEM and nylon membranes, and the other
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links to deposition committee (MELD), a committee of the NADP) a measurement method
or combination of methods to move forward our ability to measure Hg deposition as
a community.
5.2. Dual Channel Systems
Dual channel systems provide an alternate automated method for measurement of
RM. The first dual channel system was developed based on the operation of the University
of Washington DOHGS (discussed above). The DOHGS system successfully measured
elemental and oxidized Hg in several aircraft campaigns [47,63,64].
Its detection limit was ~100 pg Hg m−3 , limiting the utility at surface sites where RM
concentrations tend to be lower. The DOHGS requires two Tekran 2537 modules, with
perfectly matching precise calibrations, to collect data.
Gustin et al. [65] developed a dual channel system that requires only one Tekran 2537
module. This was an improvement over the need for two Tekran systems, for ease of use
and cost effectiveness. This dual channel system consisted of a PTFE membrane at the inlet
of the sampling system to remove particulates. Once air passed through this filter, the line
was bifurcated into one line with a two-stage CEM to remove GOM, and second line with
a pyrolyzer for TGM measurements. GOM was determined as the difference between
the measurements between the two lines. Data were compared with a Tekran 2537/1130
system and two RMAS, one with CEM and nylon membranes, and the other with PTFE
membranes upstream of the CEM and nylon membranes. The dual channel system and
Tekran system underestimated GOM relative to the RMAS membrane measurements. For
the dual channel system, the poor recovery was due to the long uncovered sampling line
and relative humidity promoting reduction of GOM to GEM. The Tekran system exhibited
low recovery due to the denuder.
A similar dual channel system was developed by Lyman et al. [66]. Their system
differed from the Gustin et al. [65] dual channel system in a few key ways: the inlet line
was covered (no light penetration), heated, and significantly longer; and the raw Tekran
2537 output was processed to calculate Hg concentrations based on peak height, and data
were averaged to reduce the detection limit. This system resulted in a RM detection limit
as low as ~15 pg Hg m3 for a 1-h average; however, when operated at a different location,
the system detection limit was in the range of 40 pg Hg m−3 . Lyman et al. [66] showed
that their dual channel system 1—could detect diurnal and other patterns in ambient GEM
and GOM, 2—recovered 100% of HgBr2 and HgCl2 injected by an automated calibration
system, 3—measured RM in the same range as the RMAS, and 4—accurately quantified
RM concentrations at surface locations on an hourly timescale.
The collective work involving the RMAS and dual channel systems has provided a
foundation for better understanding RM concentrations and chemistry, and information
that modelers need to refine the biogeochemical Hg cycle.
5.3. Other Work Using CEM
Miller et al. [67] developed a method for measurement of GOM flux. The method
utilized CEM to collect GOM from air interacting with mining based soils with a range
of Hg contamination. They found that materials, such as those derived from mine tailing
impoundments act as a direct emission source of RM compounds. This agrees with the
work of Nacht et al. [22] who found high concentrations of RM over mine tailings in the
field. The lower concentration mining-related substrates showed deposition of GOM with
deposition velocities on the lower end of the range reported by Zhang et al. [68] in their
review of Hg dry deposition.
Marusczak et al. [69] measured, using polyethersulfone membranes and a Tekran
system, tropospheric RM at the Pic du Midi Observatory, France. They found the Tekran
values to be systematically lower by a factor of 1.3 than the polyethersulfone membrane.
They found a significant loss of RM (36%) from the denuder or inlet during flush blanks,
and if the flush blank was added to the Tekran RM measurement, the agreement with the
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CEM was better (slope = 1.01, r2 = 0.90), Concentrations measured in dry free tropospheric
air were 198 ± 57 and 229 ± 58 pg m−3 ), and agreed with in-flight observed RM, as well as
model based estimates.
Field comparisons of the CEM and polyethersulfone membrane demonstrated that
concentrations measured by the two are quite similar ([70]; unpublished data, Dr. Stefan
Osterwalder, Université Grenoble Alpes). Preliminary results from a measurement campaign using the RMAS 2.0 and the Aerohead along with the Tekran system at Zeppelin
Observatory on Svalbard, Norway, demonstrated that modeled deposition using Tekran
data was lower than that determined using the Aerohead sampler and modeled values using RM concentrations measured by the RMAS system (Dr. Stefan Osterwalder, Université
Grenoble Alpes; personal communication).
Size-resolved PBM measurements have been collected, usually using multi-stage
impactors. This is reviewed and the biases discussed in Lyman et al. [54]. This review also
discusses current understanding of reaction mechanisms.
5.4. Mass Spectrometric Methods
Several investigators have attempted to detect RM compounds using mass spectrometric techniques. Deeds et al. [71] pioneered this approach with preconcentration of Hg
halide compounds on various surfaces, followed by thermal desorption into an atmospheric
pressure chemical ionization mass spectrometer. With this method, the authors were unambiguously able to detect HgBr2 and HgCl2 in laboratory-generated samples. Measurements
from samples collected from ambient air were less certain due to contaminants co-adsorbed
during preconcentration.
Jones et al. [72] used cryogenic concentration, gas chromatography, and mass spectrometry to detect laboratory-generated and ambient GOM. Similar to Deeds et al. [71],
they showed unequivocal detection of HgBr2 and HgCl2 in laboratory-generated samples,
but they did not detect RM in ambient air samples. Gas chromatography resulted in the
separation of RM compounds from each other and from contaminants, but non-halide Hg
compounds failed to pass through the valves or the chromatography column, limiting the
method applicability for some Hg compounds.
More recently, Khalizov et al. [73] used ion-drift chemical ionization mass spectrometry
to detect HgCl2 . The authors did not analyze ambient samples, but they speculate that
direct detection of RM compounds in the ambient atmosphere could be possible for future
iterations of this method without prior preconcentration.
5.5. Oxidized Mercury Calibration Systems
Calibration of RM measurement systems with RM compounds has only occurred
sporadically, though it has been repeatedly called for [54,74,75]. If a method for routine field
calibration existed when the KCl denuder method first came into use, the low bias would
likely have been quickly discovered, spurring the development of alternative methods at
least a decade sooner.
Landis et al. [25] and Feng et al. [40] used HgCl2 permeation tubes to test RM collection
by KCl denuders. Landis et al. [25] found quantitative uptake, but their tests were in air
scrubbed of ambient Hg and oxidants. Lyman et al. [35,62], and Finley et al. [44] during the
RAMIX experiment, and Huang et al. [48], McClure et al. [57] and Huang and Gustin [56]
used permeation tubes filled with various Hg (II) compounds to challenge KCl denuders
and other measurement methods in ambient air, and, as discussed above, found denuder
concentrations to be biased low. These early permeation tube-based methods were manual,
meaning that the user had to manually turn a valve or connect tubing to add GOM to the
sample air stream.
Lyman et al. [76] developed the first automated RM calibration system for ambient air
measurements. They deployed the system at field sites and demonstrated that it delivered
stable concentrations of HgCl2 and HgBr2 to measurement systems. Lyman et al. [66]
expanded on this system by gravimetrically verifying Hg permeation rates from each

Atmosphere 2021, 12, 73

14 of 18

permeation tube, though more work is needed to improve the gravimetric techniques.
Lyman et al. [66] also showed that the automated calibration system can be used to quantify
bias in RM measurements.
Sari et al. [77] tested two calibration systems that added HgCl2 dissolved in ultrapure
water to sample air streams. These systems generated RM concentrations much higher
than is typical in ambient air, but evaporation methods like these are widely used for flue
gas applications (e.g., Gonzalez et al. [78]), and could possibly be adapted for ambient
measurements at lower concentrations.
While all of these discussed technologies will benefit from continued development
and improvement, they show that routine, quantitative field calibration for oxidized Hg is
necessary and possible. We advocate that all future measurements of oxidized Hg should
include field calibration.
6. What We Have Learned
These new methods have repeatedly demonstrated that the KCl denuder is not adequate for measuring RM concentrations, and that new surfaces that can be used in an
automated system are needed by the atmospheric Hg research community. We expect
that KCl-denuder derived data is best for polar regions or high elevation locations in
the free troposphere for these areas are dominated by halogenated compounds and dry
air. The RMAS membrane-based system has been demonstrated to make accurate RM
measurements when compared to a calibrated dual channel system [54]. Nylon membrane
data have demonstrated that RM, GOM, and PBM chemistries vary across space and time,
information critical for modelers trying to predict Hg deposition and the resulting impacts
to ecosystems. However, the exact chemistry of RM compounds is not known, and this
should be an emphasis of future work.
Although this work has been largely criticized due to the fact that it has shifted the
paradigm away from the Tekran 1130 and 1135 units for being the industry standard for
measurement of atmospheric RM, it has moved the Hg scientific community forward and
led to better understanding of RM concentrations and chemistry.
7. Work Needed
The Hg research community is in need of a robust, high temporal resolution, calibrated
method for measurement of GOM and PBM and/or RM concentrations and chemistry
under all environmental conditions. In addition, methods developed should have clear
quality control and quality assurance, there must be calibration standards, and tests will
need to be done to achieve traceability to national standards that will need to be developed
along with reference materials. [79] The RMAS has admitted limitations, including the long
sampling duration required to collect sufficient Hg for analysis and the fact that the nylon
membrane does not collect all forms of GOM/RM with equal efficiency. A new thermal
desorption surface is needed, as the nylon membranes underestimate RM concentrations
and have been demonstrated to collect less RM in the presence of water vapor and O3 . This
surface will need be able to collect all compounds with equal efficiency and not have impacts due to air chemistry. It will be a challenge to find a surface that collects all compounds
with equal efficiency and not have impacts due to air chemistry given the different forms
have different water solubilities, particle affinities, and redox reactivity. Knowledge of the
exact chemistry of RM compounds is still needed and has proven to be difficult to acquire
using traditional analytical instruments due to the “stickiness” of RM compounds making
it difficult to transport into a gas chromatography mass spectrometer [72]. More work is
needed to develop a mass spectrometry method that will allow for identification of the
chemistry. In the meantime, simply measuring GEM and TGM with a dual channel system
using a pyrolyzer and CEM will allow for getting at GOM and a separate means will be
needed for measurement of PBM. This method is a solution for those interested in deriving
“real time” data, while the membrane system will be of use to those only interested in
concentrations and obtaining an estimate of dry deposition. The latter would be useful
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in the face of the Minamata Convention. That said, the community has made significant
progress over the past 30 years for measuring RM.
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